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Summary
In a forward screen for genes affecting neurotrans-
mission in Drosophila, we identified mutations in dy-
namin-related protein (drp1). DRP1 is required for
proper cellular distribution of mitochondria, and in
mutant neurons, mitochondria are largely absent
from synapses, thus providing a genetic tool to as-
sess the role of mitochondria at synapses. Although
resting Ca2+ is elevated at drp1 NMJs, basal synaptic
properties are barely affected. However, during in-
tense stimulation, mutants fail to maintain normal
neurotransmission. Surprisingly, FM1-43 labeling in-
dicates normal exo- and endocytosis, but a specific
inability to mobilize reserve pool vesicles, which is
partially rescued by exogenous ATP. Using a variety
of drugs, we provide evidence that reserve pool re-
cruitment depends on mitochondrial ATP production
downstream of PKA signaling and that mitochondrial
ATP limits myosin-propelled mobilization of reserve
pool vesicles. Our data suggest a specific role for
mitochondria in regulating synaptic strength.
Introduction
Mitochondria are involved in multiple cellular processes,
including ATP production, and Ca2+ homeostasis (Green
and Kroemer, 2004; Parekh, 2003). The multitude of mito-
chondriopathies affecting the nervous system suggests
important functions in neurons (Finsterer, 2004). Neu-
ronal mitochondria are present in cell bodies and are
abundant at synaptic terminals (Nguyen et al., 1997),
where their mobility is regulated by activity (Yi et al.,
2004), suggesting an important role at synapses.
Previous studies utilizing pharmacology to inhibit
mitochondria revealed defects in synaptic potentiation
and a failure to maintain neurotransmission under rigor-
ous stimulation (Alnaes and Rahamimoff, 1975; Tang
and Zucker, 1997; Zengel et al., 1994). While these find-
ings suggest an involvement of mitochondria in neuro-
transmission, the precise involvement of these organ-
elles in the regulation of the synaptic vesicle cycle
remains poorly understood. In addition, drugs blocking
mitochondrial function affect both cellular and synaptic
mitochondria and have been documented to have non-*Correspondence: hbellen@bcm.tmc.edumitochondrial effects (Jensen and Rehder, 1991; Nicholls
and Budd, 2000).
An alternative approach is to genetically manipulate
mitochondrial transport to the synapse. Unfortunately,
although mutants that block axonal transport can de-
plete synapses of mitochondria, they often also affect
the distribution of other organelles, leading to pleiotro-
pic defects (Collard et al., 1995; Hurd and Saxton,
1996). In contrast, studies of milton (milt) mutants re-
vealed specific defects in axonal transport of mito-
chondria in Drosophila (Stowers et al., 2002). However,
a detailed functional analysis of milt synapses has not
been reported. This is likely because the mutants die
during early larval stages, precluding a detailed analy-
sis at the neuromuscular junction (NMJ), a model syn-
apse for the study of neurotransmission.
To analyze the role of synaptic mitochondria, it would
be ideal to block their synaptic localization without
compromising their function in the soma. Here, we re-
port the isolation and characterization of drp1 mutants.
DRP1 is the fly homolog of dynamin-related protein, a
protein implicated in fission of the outer mitochondrial
membrane (reviewed in Praefcke and McMahon, 2004;
Rube and van der Bliek, 2004). Mutations in Drosophila
drp1 lead to dramatic defects in synaptic localization
of mitochondria, but not in that of other organelles. The
animals survive beyond the third instar larval stage and
sometimes develop into adult flies. These and other
data indicate that mitochondria in the cell bodies of the
mutants are still functional. Hence, drp1 mutants allow
us to assess the role of mitochondria in neurotrans-
mission.
Our data show that when drp1 synapses are stim-
ulated at high frequency, they fail to maintain normal
neurotransmission. Interestingly, this defect is not due
to defects in exo- or endocytosis. Rather, our data indi-
cate that lack of synaptic mitochondria results in a spe-
cific defect in mobilizing reserve pool (RP) vesicles.
Furthermore, the addition of ATP partially rescues the
observed defects. Similarly, application of drugs that
target mitochondrial ATP production, but not Ca2+ buff-
ering, block RP mobilization, suggesting that mitochon-
drial energy production is critical for RP mobilization.
Using inhibitors of myosin light chain kinase, we pro-
vide evidence that ATP production by mitochondria is
limiting to myosin-propelled vesicle mobilization from
the RP, downstream of PKA-mediated mobilization of
RP vesicles. Hence, our data suggest a regulatory role
for mitochondria in the control of synaptic strength.
Results
Isolation of Fratboy, a Dynamin-Related Protein
that Affects Mitochondrial Distribution
We isolated two alleles of a complementation group
that show defects in electroretinogram recordings
when homozygous in the eye in a genetic screen for
genes that affect neurotransmitter release (Koh et al.,
2004; Verstreken et al., 2003) (see Figure S1 in the Sup-
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lzygous mutants are semilethal, and adult escaper flies
are uncoordinated and show numerous neurological t
mdefects (Figure S1), hence the name fratboy (frat). To
characterize the cause of the defects in frat, we per- c
cformed electron microscopy on adult mutant photore-
ceptor (PR) synapses and found a dramatic reduction p
cin synaptic mitochondria, but not in other organelles
(Figure S2). Interestingly, mitochondria cluster in the d
ccell bodies of mutant photoreceptors (Figure S2).
Hence, frat mutants provide us with an opportunity to
study the role of mitochondria at synapses. S
We mapped the molecular lesions in the frat alleles I
(drp11 and drp12) as well as two additional lethal alleles T
l(2)22FdT26 and l(2)22FcH7 (Littleton and Bellen, 1994) m
that fail to complement drp11 and drp12 to CG3210, n
also called drp1, noodle, or dynamin-2 in Flybase (Fig- t
ure S3). All of these alleles fail to complement the defi- 1
ciency Df(2L)Exel6008 (Parks et al., 2004) that spans m
the region, as well as a lethal P-element KG03815 in s
CG3210 (Bellen et al., 2004). Hence, frat corresponds 1
to CG3210 or drp1, and we renamed frat1 as drp11; frat2 m
as drp12; l(2)22FdT26 as drp1T26; l(2)22FcH7 as drp1H7 (
and KG03815 as drp1KG. o
To assess whether the lesions in drp1 are responsible a
for the observed phenotypes, a 9.35 kb genomic rescue t
construct was crossed into drp1 mutants (see Experi- i
mental Procedures and Figure S3). The lethality and o
phenotypes of drp12 and drp11/drp12 are rescued by i
this construct, as well as by a genomic construct that
harbors an in-frame FLAG-FlAsH-HA tag after the start w
codon of CG3210 (Figure S3). Using this construct we b
also demonstrate that Drosophila DRP1 is enriched on m
mitochondria, similar to drp1/dlp/dnm1 in other spe- a
cies (Figure S4). Collectively, these data indicate that t
Drosophila drp1 is an ortholog of drp1/dlp/dnm1 (La- d
brousse et al., 1999; Otsuga et al., 1998; Smirnova et m
al., 2001) and that the lesions in drp12 or in drp11/drp12 a
only affect drp1. We therefore used these animals for 1
subsequent analyses. t
o
dClustered Mitochondria in drp1 Mutants
lAre Functional
mOur initial analyses of drp1 (frat) mutants showed clus-
ters of mitochondria in PR soma, but not in synapses.
6To determine if the clustered mitochondria in drp1 mu-
ftants function properly, we labeled them with rhoda-
imine-123 (Rh123). Rh123 is a cell-permeable dye that
dlocalizes to the mitochondrial lumen when the inner
lmembrane is hyperpolarized (Johnson et al., 1980). As
sshown in Figure 1A, Rh123 fluorescence in control sali-
mvary glands is bright and concentrated, resembling Mi-
btoGFP, a mitochondrial marker (W. Saxton, unpublished
adata) (Figure 1D). When we abolish the mitochondrial
tmembrane potential with 20 m azide, Rh123 diffuses
d(Figure 1B), suggesting that Rh123 only localizes to
iactive mitochondria. In drp1 mutants, Rh123 fluores-
cence appears in large perinuclear blobs (Figure 1C),
similar to MitoGFP (Figures 1E and 1F), but the Rh123 R
Nsignal in drp1 mutants is bright, as in controls (compare
Figures 1A–1C). To quantify mitochondrial function in i
Adrp12 more precisely, we used JC-1, a dye that exhibits
potential-dependent accumulation in mitochondria, as es indicated by a shift in emission from green to red
ight (Reers et al., 1991). Consequently, the ratio of red
o green fluorescence intensity is a measure of the
itochondrial potential. Whereas this ratio is low in
ontrols treated with azide (0.53 ± 0.04), the mito-
hondria in drp1 mutants hold a negative membrane
otential that is similar to that in controls (JC-1 ratio in
ontrol: 0.90 ± 0.09; drp12: 0.91 ± 0.03). Hence, these
ata indicate that, despite their altered distribution, the
lustered mitochondria in drp12 are functional.
ynaptic Localization of Mitochondria at NMJs
s Severely Impaired in drp1
o determine mitochondrial distribution in drp1 mutant
otor neurons, we expressed MitoGFP. In the ventral
erve cord of control larvae, MitoGFP mostly localizes
o motor neuron projections in the neuropil (NP) (Figure
G). Strikingly, drp1 mutants show reduced levels of
itochondria in the NP and clumps in the motor neuron
omas (CB) bordering the ventral nerve cord (Figure
H). In control motor neurons, MitoGFP also labels nu-
erous mitochondria in axons that innervate proximal
Figure 1I1) and distal (Figure 1I2) NMJs. In the axons
f drp12 mutants, fewer MitoGFP-marked mitochondria
re observed (Figures 1J1 and 1J2) and they form long
hreads (arrows) rarely observed in controls. These data
ndicate that loss of DRP1 function leads to clustering
f mitochondria in the cell body and suggest a defect
n axonal mitochondrial transport.
To measure the presence of mitochondria at NMJs,
e quantified MitoGFP labeling in boutons demarcated
y anti-DLG labeling. While controls contain several
itochondria per bouton, drp1 boutons contain few
nd small mitochondria (Figures 1K–1N), and this is fur-
her confirmed by Rh123 labeling of control drp12 or
rp1/drp2 NMJs (data not shown). In addition, we also
easured the mitochondrial volume in a 3-D data stack
nd compared it to the synaptic volume (Figures 1O–
R). While mitochondria occupy about 10% of the bou-
on volume in controls, this is significantly less in drp12
r drp11/drp12 mutants (Figure 1R). This difference
oes not seem to be exacerbated by severe morpho-
ogical defects of drp1 NMJs, as bouton number per
uscle area (controls: 1.0 ± 0.1 m−2; drp12: 1.2 ± 0.1
m−2) and synapse length per muscle area (controls:
.2 ± 2.6 m−1; drp12: 6.2 ± 0.7 m−1) are not different
rom those in controls (p = n. s.). Only NMJ branching
s slightly increased in drp12 (controls: 8.3 ± 1.3/NMJ;
rp12: 13.8 ± 0.9/NMJ; p < 0.05). The defect in synaptic
ocalization is probably confined to mitochondria, as
ynaptotagmin (Littleton et al., 1993), a synaptic vesicle
arker, and endophilin (Verstreken et al., 2002), a mem-
er of the endocytic machinery, are localized correctly
t the synapse (data not shown). These data indicate
hat loss of Drp1 function leads to defects in mitochon-
rial localization, leaving most drp1 synapses, includ-
ng NMJs, with many fewer mitochondria than controls.
esting Calcium Levels Are Elevated, but Basal
eurotransmitter Release Is Mostly Normal
n drp1 Mutants
s mitochondria have been implicated in Ca2+ buff-
ring, we determined the intracellular resting Ca2+
Synaptic Mitochondria Fuel RP Mobilization
367Figure 1. drp1 Mutants Harbor Fewer Mitochondria in Neuromuscular Junctions
(A–C) Mitochondrial labeling with Rhodamine 123 (Rh123) of salivary glands in third instar control (A and B) and drp1 (drp11/drp12) (C),
showing Rh123 concentrated at negative potentials. Rh123 dissipates when the negative mitochondrial potential is dissipated with azide (B).
Labeling with JC-1 is very similar (data not shown).
(D–F) Mitochondrial labeling with MitoGFP of salivary glands in third instar control (D), drp11 (E), and drp12 (F). Note the clustered mitochondria
in these cells.
(G and H) Third instar larval brains labeled with DLG (magenta), labeling the neuropil (NP) and MitoGFP (green). MitoGFP in drp12 (H)
predominates in cell bodies (CB), but is sparser in the NP compared to controls (G).
(I and J) Proximal (1) and distal (2) axons in third instar larvae labeled with 22C10/Map1B (magenta), labeling axons, and MitoGFP (green) in
controls (I) and drp1 mutants (J). Mitochondria are elongated in drp1 axons (arrows).
(K–N) Mitochondrial number is reduced at drp1 boutons. Double labeling of third instar NMJs with DLG (magenta) to outline boutons and
MitoGFP (green) in controls (K), drp12 (L), and drp11/drp12 (M). Quantification of mitochondria per bouton in controls and drp1 indicate a lack
of mitochondria in many drp1 boutons (N). Error bars represent ±SEM.
(O–R) Example depicts surface areas circumscribed to derive synaptic (orange) and mitochondrial (yellow) volumes for quantification of
mitochondrial volume per synaptic (NMJ) volume. Mitochondrial volume in drp12 and drp11/ drp12 is far smaller than in controls (R).levels by forward-filling controls and drp12 mutants
with the ratiometric Ca2+ indicator Fura-2 Dextran
(Macleod et al., 2002). We find that the intracellular rest-
ing Ca2+ in drp12 mutant boutons is about 2-fold higher
than the level in controls (Figure 2A; control: 92.5 ± 17.8
nM; drp12: 169.6 ± 33.0 nM; p < 0.05). Hence, synaptic
mitochondria are required to maintain resting Ca2+
levels.
We then determined if drp1 affects basal neurotrans-
mitter release by recording excitatory junctional poten-
tials (EJPs). When stimulated at 1 Hz in either 0.6 mM,1 mM, 1.5 mM, or 5 mM Ca2+, loss of DRP1 function
does not lead to a defect in transmitter release, even
when stressed at 36°C in 5 mM Ca2+ (Figure 2B). We
also recorded paired EJPs at 20 ms, 40 ms, 60 ms, or
100 ms interpulse intervals, but did not observe any
difference in paired pulse ratio of recordings made at
0.6 or 1.5 mM Ca2+ (data not shown). Only at low extra-
cellular Ca2+ (0.25 mM) did we observe a significant in-
crease in EJP amplitude of drp12 compared to controls
(Figure 2B; controls: 4.8 ± 0.6 mV and drp12: 8.5 ± 1.5
mV; p < 0.05). In addition, at 0.25 mM Ca2+, controls fail
Neuron
368Figure 2. Exocytosis and Calcium Buffering in drp1 Mutants
(A) Intracellular [Ca2+] at control and drp12 mutant NMJs, measured using Fura-2 imaging. (B) Neurotransmission in drp12 mutants recorded
at 0.25 mM, 0.6 mM, 1 mM, and 5 mM (all at 22°C, and for 5 mM, also at 36°C) is only elevated at 0.25 mM Ca2+. The amplitude of 20 EJPs
recorded at 1 Hz was averaged per animal (failures were not included). (C) Percentage of failures recorded at 1 Hz for 20 s in controls and
drp12 mutants in 0.25 mM Ca2+. (D) Time course of intracellular Ca2+ levels measured using forward-filled Oregon Green BAPTA-1 Dextran
(OGB) upon stimulation at 10 Hz for 4 min in controls (panels 1–3) and drp12 (panels 4–6). Fluorescence is pseudocolored with the color map
on the right. Single confocal sections before (panels 1 and 4), during (panels 2 and 5), and after (panels 3 and 6) stimulation are shown, and
the red bar in (D)–(F) shows the period of stimulation. Note that during stimulation, the muscle and NMJ contract. Scale bar, 5 m. (E and F)
Time course of OGB (E) and Fluo-4 AM (F) fluorescence upon stimulation of control (black) and drp12 (white) NMJs. Data show the change
in fluorescence over baseline (F/F0). The number of boutons from at least three animals analyzed is indicated. As we did not measure
fluorescence between 210 s and 250 s (dotted line), the graph is horizontal from 210 s to 240 s and descends linearly to 250 s. A significant
difference (p < 0.01) is shown at all time points except 0 s and 30 s. For panels (A)–(C) and (E)–(F), error bars indicate ±SEM and in (A)–(C),
the number of animals analyzed is indicated.to evoke EJPs in 20% of the stimulations, whereas d
Bdrp12 animals only failed 4% of the time (Figure 2C).
Finally, we recorded spontaneous release events T
i(mEJPs) in 0.5 mM Ca2+ and TTX in controls and drp1
mutants and analyzed events larger than 0.4 mV, but w
idid not find a difference in amplitude distribution,
average amplitude, or frequency (Figure S5). Hence, l
udespite a dramatic reduction of synaptic mitochondria
and a near doubling of the resting intracellular Ca2+ in p
sdrp1 mutants, the basal release properties of the NMJs
at physiological Ca2+ concentrations are not signifi- t
tcantly altered.rp1 Mutant Boutons Show Defects in Ca2+
uffering during Prolonged 10 Hz Stimulation
o determine whether drp1 mutants display alterations
n regulating intracellular Ca2+ levels during stimulation,
e forward-filled control and drp12 NMJs with the Ca2+
ndicator Oregon Green BAPTA-1 Dextran (OGB) (Mac-
eod et al., 2002). Fluorescence in control NMJs stim-
lated at 10 Hz for 4 min initially increases and then
lateaus, indicating an accumulation of Ca2+ during
timulation (Figures 2D1, 2D2, and 2E). After stimula-
ion, OGB fluorescence quickly declines to a level close
o baseline in less than 10 s (Figures 2D3 and 2E). Fluo-
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369rescence in drp12 mutants does not plateau, but in-
creases throughout the stimulation period (Figures 2D5
and 2E). After stimulation, fluorescence in mutants re-
mains high and only slowly declines (Figures 2D6 and
2E). We found very similar results using a membrane-
permeable Ca2+ indicator Fluo-4 AM (Figure 2F). Note,
however, that after brief stimulation (<30 s), Ca2+-indi-
cator fluorescence in drp1 mutants is not dramatically
different from that in controls (Figures 2E and 2F, ar-
row). This suggests that mitochondria are not required
to keep pace with the Ca2+ influx during a 30 s 10 Hz
stimulation paradigm.
drp1 Mutants Cannot Maintain Normal
Neurotransmission during High-
Frequency Stimulation
To investigate drp1 mutant NMJs during intense neu-
ronal activity, we recorded EJPs at 10 Hz stimulation.
As shown in Figure 3, the EJP amplitude in drp12 stead-
ily decreases, indicating that drp12 mutants cannot
maintain release like controls can. As drp1 adult escap-Figure 3. drp1 Mutants Fail to Maintain Normal Neurotransmitter
Release During 10 Hz Stimulation and This Defect Is Partially Res-
cued by ATP
(A) Summary of 10 min 10 Hz recordings made either at 22°C or at
36°C, from larval NMJs of controls and drp12. Each time point is a
30 s average. In drp12, the EJP amplitude steadily declines, and
this is exacerbated at 36°C. At least five animals per genotype and/
or condition were analyzed (in [A] and [B]); error bars indicate the
SEM. Results for drp11/drp12 are similar (data not shown). (B) 10
min 10 Hz recordings made from drp12 and controls at 36°C for-
ward-filled with 1 mM ATP (data in the absence of ATP appear also
in [A]) show that drp12 mutants maintain release better when for-
ward-filled with ATP.ers show temperature-sensitive paralysis (Figure S1),
we also assessed neurotransmission during a 10 Hz
train at 36°C. Interestingly, after 10 min of 10 Hz stimu-
lation at 36°C, drp12 mutants as well as drp11/drp12
transheterozygotes run down to about 40% of the origi-
nal response (Figure 3A, circles and data not shown).
Hence, during intense stimulation, neurotransmission in
drp1 progressively declines.
Mitochondria play a metabolic role by generating
more than 90% of the cellular ATP (Mathews and Van
Holde, 1996). To test whether ATP can rescue the de-
fect in neurotransmission during 10 Hz stimulation in
drp1 mutants, we performed rescue experiments with
ATP. Although purinergic receptors are not present in
the Drosophila genome, we determined whether ATP
affects neurotransmitter release of controls. We for-
ward-filled motor nerve terminals of controls with 1 mM
ATP (see Experimental Procedures) and recorded EJPs
and mEJPs. The EJP amplitudes at 1 and 5 mM Ca2+,
as well as the mEJPs from controls with and without
ATP, are indistinguishable (Figure S6), indicating that
1 mM ATP does not alter release characteristics at the
Drosophila NMJ.
We next forward-filled control and drp12 mutant mo-
tor neurons with 1 mM ATP and recorded EJPs during
10 Hz stimulation. Although controls with and without
ATP show no difference during the 10 Hz train, drp12
mutants maintain release better when ATP is added
(Figure 3B, open squares). These data suggest that loss
of DRP1 leads to a defect in regaining fusion-compe-
tent vesicles, in part due to ATP depletion.
Vesicle Endocytosis Is Not Disrupted
in drp1 Mutants
The progressive reduction in neurotransmission during
intense stimulation may be caused by an endocytic de-
fect. To study endocytosis, we used FM1-43, a dye that
reversibly binds membranes and is internalized into
vesicles forming from the presynaptic membrane.
Nerve stimulation at 3 Hz or 60 mM K+ in the presence
of FM1-43 and 1.5 mM Ca2+ labels synaptic boutons in
controls and in drp12 mutants (Figures 4A–4C). Further-
more, drp1 mutants maintain neurotransmitter release
during 3 Hz stimulation, similar to controls (Figure S7).
Hence, vesicle endocytosis during mild stimulation is
normal in drp1 mutants.
As the EJP amplitude in drp1 mutants is normal ini-
tially, but declines during high-frequency stimulation, it
is possible that endocytosis is affected only after syn-
apses are stimulated at 10 Hz for an extended period.
Controls and drp1 mutants were therefore stimulated
at 10 Hz for 10.5 min (5 mM Ca2+), and FM1-43 was
added during the last 0.5 min of stimulation. As shown
in Figure 4D (1 and 2, load) and Figure 4E, (loading)
controls and drp1 mutants internalize similar amounts
of dye in the 30 s labeling period, indicating that even
after intense synaptic activity, vesicle endocytosis is
not impaired in drp1 mutants.
Mobilization of the Vesicle Reserve Pool
Is Disrupted in drp1
At least two functionally distinct vesicle pools, the exo-
endo cycling pool (ECP) and the reserve pool (RP), exist
Neuron
370Figure 4. Exo-Endo Pool Cycling Is Normal
in drp1
(A–C) Larval preparations were incubated for
5 min in 60 mM K+, 1.5 mM Ca2+, and 4 M
FM1-43, then washed (A), and their labeling
intensities quantified (B). Preparations were
also stimulated at 3 Hz for 5 min in 8 M
FM1-43, washed and imaged. (C) Both ex-
periments show normal endocytosis of vesi-
cles in the ECP. The number of synapses
from at least three animals analyzed is indi-
cated. a.u., arbitrary units. Error bars in (B)
and (C) represent ±SEM.
(D and E) Preparations were stimulated at 10
Hz for 10.5 min in modified HL-3 with 5 mM
Ca2+, and FM1-43 (8 M) was added only
during the last 0.5 min. Preparations were
then washed in zero Ca2+, imaged (panels
[D1] and [D2]), and their intensities were
quantified ([E], Loading). To test for defects
in exocytosis following intense stimulation,
loaded preparations ([D], load) were quickly
washed and stimulated in 90 mM K+ for 1
min (E, 1 min) or 10 min ([D3] and [D4], un-
load; [E], 10 min). The unloading rate of FM1-
43 is similar in drp1 and controls, indicating
normal exocytosis of ECP vesicles. Error
bars in (E) represent ±SEM.at the third instar NMJ, and defects in vesicle mobiliza- n
ttion from either pool affect neurotransmission (Kido-
koro et al., 2004; Kuromi and Kidokoro, 1998, 2000, m
[2002; Rizzoli and Betz, 2005). Endocytosis of new vesi-
cles into the ECP occurs mostly during stimulation, U
lwhile the RP primarily refills following stimulation (Kur-
omi and Kidokoro, 2002). Therefore, since FM1-43 load- l
ving during stimulation (3 Hz or 10 Hz) is not impaired in
drp1 mutants (Figures 4A–4E), our data indicate that u
idrp1 does not affect uptake of vesicles into the ECP.
To test whether ECP vesicle exocytosis is affected by m
ointense stimulation in drp1 mutants, we determined the
unloading rate of ECP vesicles labeled with FM1-43 c
rupon stimulation. We first loaded ECP vesicles in con-
trols and drp12 mutants with FM1-43 during the last 0.5 s
mmin of a 10.5 min 10 Hz train (Figures 4D1 and 4D2).
We then quickly washed the preparations with zero (
iCa2+ HL-3, to remove noninternalized dye (<5 min), and
stimulated them using 90 mM K+ to mobilize the loaded d
vECP vesicles. Interestingly, bouton fluorescence after 1
min or 10 min of unloading was similar in controls and
Ain drp1 mutants (Figures 4D3, 4D4, and 4E), indicating
that endocytosis as well as exocytosis of ECP vesicles v
wis not disrupted in stimulated drp1 mutants.
Next, we determined whether exo- and endocytosis 5
pof RP vesicles is affected in drp1 mutants by applying
a protocol that loads the ECP as well as the RP with p
tFM1-43 at NMJ synapses. It is important to note that
RP vesicles do not participate much in exocytosis dur- d
1ing mild stimulation (<3 Hz) or K+ stimulation (Kuromi
and Kidokoro, 2002), but only during intense stimula- t
stion (R10 Hz). Hence, to mobilize and exocytose RP
vesicles, we stimulated controls and drp12 mutants at t
s10 Hz for 10 min (5 mM Ca2+). Since the RP vesicles
will primarily refill after intense stimulation is termi- cated, while the ECP will mainly load during stimula-
ion, we added FM1-43 during the 10 Hz train and at 5
in after stimulation (10 Hz, 10 min + 5 min protocol
adapted from Kuromi and Kidokoro, 2002]; Figure 5A).
sing this protocol, control boutons are extensively
oaded with dye. In contrast, drp12 mutants take up
ess dye (Figures 5B1, 5B2, and 5C). To subsequently
isualize labeled RP vesicles, we unloaded the ECP
sing K+ (1.5 mM Ca2+) for 5 min (Figure 5A). As shown
n Figure 5B3, portions of control type Ib boutons re-
ained labeled with dye, in agreement with previous
bservations (Kuromi and Kidokoro, 2000, 2002). In
ontrast, drp12 or drp11/drp12 mutant boutons did not
etain much labeling (Figures 5B4 and 5C; data not
hown). This defect is specific to mutants, as drp12 ani-
als with a rescue construct show normal RP loading
data not shown). Hence, these data suggest a defect
n cycling of RP vesicles at drp1 synapses, possibly
ue to a defect in mobilization of (old) unlabeled RP
esicles or a defect in RP formation.
To further distinguish whether Ca2+ sequestration or
TP production by mitochondria is important for RP
esicle cycling, we applied various drugs for 20 min to
ild-type NMJs and then repeated the 10Hz 10 min +
min loading-ECP unloading protocol (Figure 5A) in the
resence of the drug (Figures 5D and 5E). First we ap-
lied 5 g/ml antimycin, an inhibitor of the electron
ransport chain that disrupts mitochondrial ATP pro-
uction and Ca2+ sequestration (Budd and Nicholls,
996). Interestingly, antimycin-treated preparations
ook up less FM1-43 when stimulated at 10 Hz, and
ubsequent unloading of the ECP destained most of
he bouton (data not shown; Figure 5E, anti), further
uggesting that RP vesicles are not labeled when mito-
hondrial function is inhibited.
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371Figure 5. The RP Is Dysfunctional in drp1 Mutants
(A) Diagram of the “10Hz 10min + 5min loading-ECP unloading pro-
tocol” to load RP and ECP vesicles. Synapses were stimulated in
8 M FM1-43 for 10 min at 10 Hz, and FM1-43 was left in the bath
(modified HL-3, 5 mM Ca2+) for 5 min longer. Preparations were
subsequently washed with zero Ca2+ and imaged (load). Loaded
synapses of control and drp12 animals were then subjected to 5
min of 90 mM K+ (1.5 mM Ca2+) to unload the ECP and imaged
(unload). (B and C) Boutons in control or drp12 animals were loaded
with the protocol in (A) ([B1] and [B2]). Loading is reduced in drp12
([C], white bars). Loaded boutons were then unloaded (protocol in
[A]), showing retained dye in control boutons (B3), but less so in
drp12 ([B4] and [C], black bars). Similar results were obtained with
drp11/drp12 or 5 min of 30 Hz stimulation (data not shown). Number
of boutons from at least three animals analyzed is indicated. a.u.,
arbitrary units in the entire figure. (D and E) Preparations were incu-
bated for 20 min with various drugs (5 g/ml antimycin [anti], 5 M
TPP+, or 1 g/ml oligomycin [oligo]) blocking aspects of mitochon-
drial function (see Results), loaded with FM1-43 (protocol in [A]), in
the presence of drugs, imaged ([D]) and quantified ([E]). Loaded
synapses were then subjected to 5 min of 90 mM K+ to unload the
ECP, imaged (D) and quantified (E). Data for control and drp12 in
(E) also appear in (C).
(F and G) Loading of FM1-43 (protocol in [A]) after forward-filling
motor neurons with 1 mM ATP in control ([F1]) or drp12 ([F2]) shows
similar levels of labeling ([G], white bars) and is also similar to con-
trols without ATP (p = n.s.). Loaded synapses were then subjected
to 5 min of 90 mM K+ and 1 mM ATP. Dye is retained in controls
([F3]) as well as drp12 boutons ([F4]). Although drp12 retains less
dye than controls (black bars in [G]), drp12 mutants filled with ATP
retain more dye than drp12 mutants without ATP (compare [F4] to
[B4] and black bars of drp12 ATP in [G] and drp12 in [C]; p < 0.01).Next, we tested the effect of 5 M TPP+, an inhibitor
of mitochondrial Ca2+ uptake and release (Aiuchi et al.,
1985). Using Fluo-4 imaging, we first ensured that 5 M
TPP+ significantly reduces Ca2+ uptake into mitochondria
during stimulation (Figure S8). Then we applied the
FM1-43 loading and unloading protocol (illustrated in
Figure 5A) to TPP+-treated preparations. Although TPP+
treatment leads to less dye loading than occurs in un-treated controls, unloading of the ECP reveals a pop-
ulation of labeled RP vesicles that appear very similar
to those in untreated controls (Figures 5D and 5E).
Hence, a defect in mitochondrial Ca2+ sequestration
does not affect the RP.
Finally, we treated larval preparations with 1 g/ml
oligomycin, an inhibitor of the mitochondrial ATP-syn-
thase (Budd and Nicholls, 1996). Using the same FM1-
43 loading-unloading protocol, we found that oligomy-
cin-treated preparations take up less dye than untreated
controls. In addition, unloading of their ECP showed
less dye retention than controls, very similar to drp1
mutants or antimycin-treated preparations (Figures 5D
and 5E). Hence, ATP production by mitochondria seems
to fuel loading or mobilization of RP vesicles.
We confirmed the effect of ATP on RP vesicle mobili-
zation by forward-filling control and drp12 motor neu-
rons with 1 mM ATP and loading their vesicle pools
using the protocol shown in Figure 5A. drp1 mutants
and controls internalized similar amounts of FM1-43
dye when ATP was added (Figures 5F and 5G). Interest-
ingly, subsequent unloading of ECP vesicles showed
more FM1-43 retention in ATP-treated drp12 mutants
than in drp12 mutants not forward-filled with ATP (com-
pare Figures 5B4 and 5F4 as well as drp12 black bars
in Figures 5C and 5G; p < 0.01). Thus, impaired RP mo-
bilization in drp1 mutants is at least in part due to de-
pletion of ATP at the synapse.
drp1 Mutants Harbor a Population
of Immobile Vesicles
To test whether impaired mitochondrial function affects
RP formation or RP mobilization, we first loaded RP
and ECP vesicles with FM1-43, using the 10 Hz 10 min +
5 min loading protocol in a wild-type animal (Figure 6A,
left). Then, mitochondrial ATP production was blocked
by incubating the preparations in 1 g/ml oligomycin
for 20 min, and RP vesicles (as well as ECP vesicles)
were mobilized by stimulating the preparations at 30 Hz
for 5 min (Figure 6A, right). As shown in Figures 6B and
6C, labeled control boutons without drug released most
of their FM1-43 upon 30 Hz stimulation, whereas most
oligomycin treated boutons retained FM1-43. This indi-
cates that mitochondrial ATP production is required for
unloading of the RP during high-frequency stimulation.
To provide further evidence for a defect in RP mobili-
zation, we compared the size of the total vesicle pool
in drp1 to the size of the vesicle pool that can be mobi-
lized and released by synaptic stimulation. To measure
the size of the total vesicle pool we performed TEM on
control and drp12 NMJ boutons. The vesicle density in
drp12 boutons is similar to that in controls (Figure 6D;
data not shown). Hence, the total number of vesicles in
drp1 and in controls at rest is similar.
To estimate the size of the vesicle pool that can be
released by stimulation in drp1 mutants, we followed
vesicle release from shits1; drp11/drp12 double mutants
at the restrictive temperature (34°C). With shits1 block-
ing all synaptic vesicle endocytosis, but not exocytosis,
at 34°C (Delgado et al., 2000; Verstreken et al., 2002),
we stimulated shi and shi; drp1 motor neurons and
measured the EJPs. Consistent with a block in endocy-
tosis, neurotransmitter release in shi; drp1 decreased
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c(A) FM1-43 loading-unloading protocol used in (B) and (C). ECP
and RP vesicles of wild-type preparations were loaded with 8 M
FM1-43 using a 10 min 10 Hz train. After washing in zero Ca2+, M
preparations were incubated for 20 min in 1 g/ml oligomycin (in t
0.5 mM Ca2+ HL-3) or without drugs and subsequently stimulated M
at 30 Hz for 5 min (in 1.5 mM Ca2+ HL-3 with 1 g/ml oligomycin
b(oligo) or without the drug (control)) to mobilize both the RP and
iECP (unload).
T(B and C) Loaded control boutons (protocol in [A]) treated with oli-
gomycin retain labeled RP vesicles ([B2]) despite the 30 Hz train, w
whereas untreated controls do not ([B1]), suggesting that mito- a
chondrial ATP is required to mobilize the RP. Number of synapses S
analyzed from at least three animals is indicated in the entire figure.
Ma.u., arbitrary units. Error bars in (C) represent ±SEM.
N(D) Vesicle density in drp12 and controls determined by electron
1microscopy of NMJ boutons (at least three animals for each geno-
type) is similar in controls and drp1 mutants, indicating that the size
of the total vesicle pool is not different. Error bars represent ±SEM.
(E) Time course of vesicle depletion at 34°C in controls (shits1/Y ,
solid triangles), drp1 (shits1/Y; drp11/2 , open triangles), and drp1 (
supplemented with 1 mM ATP (shits1/Y; drp11/2 + ATP, open a
squares), showing that neurotransmission ceases after about 5 to u
7 min of 10 Hz stimulation (5 mM Ca2+) and that EJPs in shits1/Y; w
drp11/2 are smaller than or, at most, equal in size to those in shits1/ e
Y. However, when forward-filled with ATP, EJP amplitudes in shits1/ 8
Y; drp11/2 follow shits1 controls closely during rundown, indicating 1
that shits1/Y; drp11/2 release more vesicles when filled with ATP F
than do shits1/Y; drp11/2 animals not filled with ATP. Data for “con- e
trol” and “drp12” also appear in Figure 3. Error bars represent i
±SEM. do reach zero after 5 to 6 min, while shi reached zero 1
o 2 min later (Figure 6E, triangles). In addition, since
he EJP amplitudes measured during rundown of shi;
rp1 are either smaller or equal in size to those mea-
ured during rundown of shi controls, the pool of vesi-
les released from shi; drp1 double mutants is smaller
han that released from shi controls (Figure 6E). As the
otal number of synaptic vesicles (SVs) in drp1 and con-
rols is similar (Figure 6D), these data indicate that drp1
utants harbor an immobile vesicle pool and suggest
he presence of a smaller cycling vesicle pool. Forward-
illing shi; drp1 motor neurons with 1 mM ATP alleviates
his defect, allowing mutants to release a similar
mount of quanta as forward-filled shi control synapses
Figure 6E, squares). Hence, these data provide further
ompelling evidence that mitochondrial ATP is critical
or the release of this vesicle pool.
To visualize the cycling vesicle pool in drp1 mutants,
e labeled it using FM1-43. We first used shi; drp1 to
xocytose the vesicles that can be released at 34°C
sing K+ stimulation. Depletion of the mobile vesicles
as confirmed by the absence of neurotransmission at
4°C in HL-3 with 1.5 mM Ca2+ (data not shown). Prepa-
ations were then shifted back to the permissive tem-
erature, and vesicle reformation was allowed to pro-
eed for 10 min in the presence of FM1-43 (Figure 6F,
op). Labeling in boutons reflects newly formed vesicles
r the cycling vesicle pool. We found that shi; drp1 mu-
ants take up 31.2% less dye than shi controls (Figures
F and 6G), indicating a smaller cycling vesicle pool in
rp1, in agreement with our electrophysiological mea-
urements of shi and shi; drp1 EJP rundown at the re-
trictive temperature (Figure 6E). Interestingly, FM1-43
abeling of the cycling vesicle pool in large shi; drp1
outons tends to distribute to the periphery of the syn-
ptic boutons (Figure 6F), further suggesting that ECP
esicles in drp1 mutants cycle properly while RP vesi-
les do not.
itochondria Fuel the Myosin ATPase
o Mobilize Reserve Pool Vesicles
yosin light chain (MLC), a component of the actin
inding myosin ATPase complex, has been implicated
n RP mobilization (Mochida et al., 1994; Ryan, 1999).
o test whether myosin is fueled by mitochondrial ATP,
e used inhibitors of myosin light chain kinase (MLCK),
major activator of MLC (Bresnick, 1999; Kamm and
tull, 2001). First, we determined if MLCK inhibitors,
L-9 and ML-7, affect RP mobilization at wild-type
MJs. We incubated preparations with 30 M ML-9 or
5 M ML-7 (Makishima et al., 1991; Saitoh et al., 1987)F and G) Reformation of the cycling vesicle pool in controls (shits1/Y)
nd drp1 mutants (shits1/Y; drp11/2). Following vesicle depletion
sing 90 mM K+ (1.5 mM Ca2+) at 34°C for 10 min, preparations
ere incubated in 1.5 mM Ca2+, tested for the absence of nerve-
voked potentials using a sharp microelectrode, then incubated in
M FM1-43, shifted to 18°C, allowing new vesicle formation, for
0 min, and finally imaged. Compared to controls (shits1, [panel
1]), shits1; drp11/2 (panel F2) takes up less FM1-43 (F and G). Inter-
stingly, the reduction in dye uptake in drp1 parallels a reduction
n total neurotransmitter release measured during depletion ([E],
ata not shown). Error bars in (G) represent ±SEM.
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(A) The protocol used to label ECP and RP vesicles in the presence of drugs is identical to that in Figure 5A with the exception that
preparations were preincubated in 0.5 mM Ca2+ HL-3 with drugs for 20 min and then stimulated in modified HL-3 with 5 mM Ca2+ in the
presence of drug.
(B and C) FM1-43 fluorescence after K+ unloading of untreated (B1 and B3) or MLCK inhibitor-treated (MLCK-i; 15 M ML-7 [B2, B4, and B5]
and 30 M ML-9 [data not shown]) control (B1 and B2) and drp12 (B3–B5) NMJs. Labeling intensities after loading (white bars) or after
unloading (black bars) are quantified in (C). In (B5) drp1 was filled with fresh 1 mM ATP; the data is quantified in (C). Number of synapses
analyzed from at least three animals is indicated on the bars in the graph. a.u., arbitrary units. For statistics, controls with and without drugs
were compared and drp1 with and without drugs was compared. Error bars in (C) represent ±SEM.
(D–F) Functional relation between oligomycin (oligo) and SP-5,6-DCl-cBIMPS (SP-BIMPS), a PKA activator. (D) FM1-43 loading/unloading
protocol: RP and ECP vesicles were loaded in the absence of drugs, preparations were then incubated for 20 min in 1 g/ml oligomycin, 10
M SP-BIMPS, or both drugs (in HL-3 with 0.5 mM Ca2+), unloaded with K+ (1.5 mM Ca2+), imaged (E), and quantified (F). Oligomycin (E1 and
F) similar to untreated controls (B1 and F) retain RP labeling, whereas K+ stimulation of SP-BIMPS-treated preparations leads to destaining
of most of the boutons (E2 and F). Interestingly, addition of oligomycin prevents SP-BIMPS-induced destaining (E3 and F), indicating that
mitochondrial ATP is required at a step downstream of PKA signaling. Error bars in (F) represent ±SEM.
(G) Model showing how reserve pool (RP) vesicle mobilization by myosin acts downstream of Protein Kinase A (PKA) and adenylyl cyclase
(AC) and is regulated by MLC, MLC kinase (MLCK), and mitochondrial ATP.for 30–40 min and then used the FM1-43 labeling proto-
col in Figure 7A to label RP and ECP vesicles. We found
that untreated controls load more FM1-43 than do
treated NMJs (Figures 7B and 7C; data not shown). In-
terestingly, while K+ unloading (Figure 7A) in untreated
controls shows significant retention of FM1-43 (Figure
7B1), preparations incubated in MLCK inhibitors retain
less dye (Figures 7B2 and 7C). These results indicate
that inhibitors of MLCK block mobilization or loading of
the RP.
To test whether the RP defect caused by MLCK in-
hibitors is related to that in drp1, we applied these
drugs to drp1 mutants and determined their ability to
load RP vesicles with FM1-43. Using the protocol in
Figure 7A, we found no difference in loading or unload-
ing intensities between treated and untreated drp1
NMJs, or with treated controls (Figures 7B2–7B5 and
7C). These data indicate that MLCK inhibitors and drp1
affect the same RP vesicles.Finally, to test whether MLC uses the mitochondrial-
produced ATP to mobilize the RP, we applied MLCK
inhibitors to drp1 mutants forward-filled with ATP and
determined FM1-43 loading into RP vesicles (protocol
in Figure 7A). Although our previous data showed that
ATP partially rescues the RP mobilization defect in drp1
mutants (Figures 5F and 5G), application of MLCK in-
hibitors to drp1 mutants forward-filled with ATP largely
blocks this rescue (Figures 7B5 and 7C). These data
suggest that during high-frequency stimulation, the my-
osin complex uses ATP generated by mitochondria to
mobilize RP vesicles.
Myosin Light Chain Acts Downstream of PKA
Protein kinase A (PKA) inactivation increases RP vesi-
cle tethering and hence FM1-43 retention in the RP,
whereas PKA activation results in reduced tethering
and FM1-43 labeling of the RP (Kuromi and Kidokoro,
2000). As PKA is activated by cAMP generated from
Neuron
374ATP by adenylyl cyclase, we investigated the role of u
amitochondria in the regulation of PKA. To investigate
ewhether PKA activation by SP-5,6-DCl-cBIMPS (SP-
sBIMPS) (Sandberg et al., 1991) can bypass the loss of
pmitochondrial ATP production, we performed experi-
ements with oligomycin, a drug that inhibits ATP produc-
ition, and the PKA activator (SP-BIMPS). We first la-
tbeled the RP and ECP vesicles with FM1-43 and
hsubsequently applied 10 M SP-BIMPS or 1 g/ml oli-
cgomycin or both drugs. We then unloaded the ECP ves-
ticles using K+ stimulation (Figure 7D). Whereas oligo-
smycin treatment does not allow unloading of FM1-43
mfrom the RP (compare Figures 7E1 and 7B1), treatment
lwith a PKA activator leads to unloading (Figures 7E2
pand 7F; Kuromi and Kidokoro, 2000). Interestingly, when
tboth oligomycin and SP-BIMPS are used, boutons re-
btain significantly more FM1-43 than when treated with
othe PKA activator alone (Figures 7E and 7F). Hence,
slack of ATP production by mitochondria trumps the role
hof PKA activation. Collectively, these data suggest that
2vesicle untethering, mediated by PKA, is required prior
ato mitochondrial ATP to unload vesicles from the RP
tduring intense stimulation (Figure 7G).
4Discussion
o
iMitochondria Are Not a Major Ca2+ Sink
nat the Drosophila NMJ
cMost studies that acutely perturb mitochondria indicate
dthat these organelles rapidly (<5 s) buffer Ca2+ during
wintense stimulation (Billups and Forsythe, 2002; David
dand Barrett, 2003; Medler and Gleason, 2002; Talbot et
lal., 2003; Tang and Zucker, 1997; Werth and Thayer,
t1994). However, in drp1, in which mitochondria are
Alargely lacking at the synapse (this work; Li et al., 2004),
cCa2+ elevation after 30 s of 10 Hz stimulation is similar
tto that in controls, suggesting that mitochondria play
mno or a minor role in Ca2+ buffering at NMJs under the
iconditions tested. Instead, other Ca2+ clearance mech-
sanisms, such as the ER or the Na+/Ca2+ pumps (Bouch-
c
ard et al., 2003; Rizzuto et al., 1998), may predominate
h
early during stimulation. Interestingly, when Ca2+ up-
w
take into the ER is blocked at the Drosophila NMJ, in-
a
tense stimulation induces a steep rise in intracellular
d
Ca2+ that quickly returns to control levels (Kuromi and t
Kidokoro, 2002; Sanyal et al., 2004), suggesting that the t
ER functions as an immediate Ca2+ sink. In addition,
recruitment of mitochondrial Ca2+ buffering only after s
prolonged stimulation supports the existence of low- m
affinity Ca2+ pores (Friel and Tsien, 1994; Herrington et b
al., 1996; Zenisek and Matthews, 2000; however, see v
Werth and Thayer, 1994). Hence, our analyses provide A
evidence that mitochondria are not the main determi- H
nant of Ca2+ regulation during intense stimulation at the d
Drosophila NMJ, in agreement with data from the Zins- a
maier lab (Guo et al., 2005 [this issue of Neuron]). F
t
Mitochondria Are Critical for Mobilization o
of the Synaptic Vesicle Reserve Pool p
When mitochondrial function is acutely blocked during p
intense stimulation, synaptic transmission is depressed s
(Billups and Forsythe, 2002; David and Barrett, 2003; m
Medler and Gleason, 2002; Talbot et al., 2003). Ultra- u
structural analyses in amphibian synapses have attrib-ted this to a reduced total number of vesicles (Molgo
nd Pecot-Dechavassine, 1988; however, see Calupca
t al., 2001 and this work), whereas FM1-43 studies in
nake terminals and sesB mutants in flies suggest im-
airments in vesicle cycling (Calupca et al., 2001; Rikhy
t al., 2003; Trotta et al., 2004). Although these studies
mply a function for mitochondria in neurotransmission,
he role of these organelles in regulating vesicle cycling
as remained elusive. Our data indicate that mito-
hondria are central to RP vesicle cycling. First, neuro-
ransmission in drp1 mutants attenuates during intense
timulation. Second, specific FM loading protocols
ostly fail to label the RP of drp1 mutants. Third, RP
oading is disrupted in NMJs treated with drugs that
oison mitochondrial ATP production, but not in those
reated with a drug that impairs mitochondrial Ca2+
uffering (Kuromi and Kidokoro, 2002). Finally, several
f the functional defects described here are strikingly
imilar to those of NCAM-deficient mouse NMJs also
arboring a defective RP (Polo-Parada et al., 2001,
005) or synapsin knockout mice lacking a RP (Gitler et
l., 2004). Taken together, these observations indicate
hat the RP vesicle cycling is disrupted in drp1 mutants.
A failure to label the RP of drp1 mutants with FM1-
3 could be caused by either a direct defect in loading
r a defect in unloading of this vesicle pool, resulting
n an inability to replace old unlabeled RP vesicles with
ew FM1-43-labeled vesicles. Although we cannot ex-
lude a defect in loading, our data are consistent with
efects in unloading and mobilization of the RP. First,
hen oligomycin, a blocker of mitochondrial ATP pro-
uction, is added to preparations in which the RP was
abeled with FM1-43, intense stimulation fails to unload
he labeled RP vesicles, suggesting that mitochondrial
TP is required for their mobilization. Second, it is con-
eivable that a defect in RP loading results in a smaller
otal vesicle pool; however, the number of vesicles
easured by TEM in drp1 and in controls at rest is sim-
lar. Finally, stimulation of shi; drp1 mutants at the re-
trictive temperature leads to the release of fewer vesi-
les than in controls, suggesting that drp1 mutants
arbor nonreleasable RP vesicles. Interestingly, for-
ard-filling of shi; drp1 motor neurons with ATP allevi-
tes this defect. Hence, without excluding additional
efects in the loading of RP vesicles, our data indicate
hat lack of synaptic ATP primarily affects the mobiliza-
ion of RP vesicles.
It is generally assumed that mitochondria fuel many
teps of the vesicle cycle, including NSF (N-ethylmalei-
ide-sensitive fusion protein)-mediated SNARE (solu-
le NSF attachment protein receptor) uncoupling and
esicle uncoating, transport, and priming, by providing
TP for these processes (Murthy and De Camilli, 2003).
owever, we provide evidence that mitochondria (when
epleted by >90%) specifically limit RP mobilization
nd do not play a critical role in endo- or exocytosis.
irst, during mild stimulation, EJPs and FM1-43 dye up-
ake are normal, indicating normal basal endo- and ex-
cytosis. Second, after depleting the cycling vesicle
ool of shi; drp1, these mutants are able to reform this
ool in the same time frame as controls (data not
hown and Figures 6F and 6G). Third, although drp1
utants exhibit rundown at intense stimulation, vesicle
ptake into the ECP is normal during this paradigm.
Finally, drp1 boutons loaded with FM1-43 at the end of
Synaptic Mitochondria Fuel RP Mobilization
375a 10 Hz train release these vesicles almost completely
upon stimulation, indicating normal exocytosis. These
observations demonstrate that defects in endo- and
exocytosis do not account for the rundown observed
during intense stimulation and suggest that synaptic
mitochondrial function does not affect all steps of the
vesicle cycle equally.
Our data suggest that energy generation by mito-
chondria is critical for RP vesicle mobilization, as ATP
partially rescues the functional defects in drp1 mutants.
In addition, TPP+, a drug that affects mitochondrial
Ca2+ buffering but not ATP production, shows normal
mobilization of RP vesicles. In contrast, drugs that
block mitochondrial ATP production show defects in
RP mobilization. Finally, analyses in hippocampal syn-
apses suggest that ECP cycling does not require much
ATP (Mozhayeva et al., 2004), in agreement with our ob-
servations.
The observation that a severe reduction in synaptic
mitochondria rather specifically blocks RP mobilization
suggests that this process requires most of the ATP
during intense activity and that enough ATP persists in
stimulated drp1 synapses to maintain exo- and endo-
cytosis. Taking into account ATP synthesis by the few
remaining mitochondria at drp1 synapses (w5%–10%)
and the ATP generated by glycolysis in the cytoplasm
(5% of the total ATP production (Mathews and Van
Holde, 1996), we estimate that drp1 synapses produce
only 10%–15% of the ATP of control synapses. We sur-
mise that this is sufficient for ECP cycling, but is limiting
for RP mobilization.
The molecular mechanisms of vesicle mobilization
remain, at present, poorly understood. However, an in-
volvement of PKA and MLC has been inferred from sev-
eral studies (Kuromi and Kidokoro, 2002; Mochida et
al., 1994; Polo-Parada et al., 2001; Prekeris and Terrian,
1997; Ryan, 1999). Whereas PKA inactivation leads to
increased RP vesicle tethering, active PKA results in
their release (Kuromi and Kidokoro, 2002). Here, we
provide evidence that the mobilization of these unteth-
ered vesicles requires ATP produced by mitochondria,
and our data further suggest that this ATP-dependent
step involves myosin. The myosin complex organizes
synaptic vesicle transport along actin tracts. Myosin is
a major ATPase and is activated by MLCK-mediated
phosphorylation of its light chain (MLC) (reviewed in
Kamm and Stull, 2001). Our findings indicate that myo-
sin uses mitochondrial-produced ATP to mobilize RP
vesicles. Indeed, supplementing drp1 synapses with
ATP rescues their RP mobilization defect. However,
MLCK inhibitors block this effect, suggesting that acti-
vation of myosin by MLC and MLCK and the supply of
mitochondrial ATP are required to mobilize RP vesicles
(Figure 7G). Recent data show that mitochondrial ATP
production is regulated by synaptic activity (Kann et al.,
2003), further highlighting the central importance of
mitochondria in the regulation of synaptic strength and
providing a direct link between synaptic activity and the
mobilization of RP vesicles.
Experimental Procedures
Genetics
Isolation of 116 mutants on 2L has been described (Koh et al.,
2004). Mapping of drp1 is described in Figure S2. Control genotypewas y w; P{y+, ry+}25F P{ry+, neoFRT}40A, unless indicated other-
wise. Flies with homozygous drp1 eyes were y w eyFLP; drp (frat)
P{y+, ry+}25F P{ry+, neoFRT}40A / l(2)cl-2L P{w+} P{ry+, neoFRT}40A
(Newsome et al., 2000). MitoGFP flies, w; D42-Gal4 P{UAS-
mitoGFP} e /TM6B, Tb were a gift from W. Saxton (Indiana Univer-
sity). MitoGFP targets GFP to mitochondria using a localization sig-
nal and three amino acids of cytochrome c oxidase VIII; D42-Gal4
expresses Gal4 in motor neurons (Yeh et al., 1995). We constructed
w; drp11; D42-Gal4 P{UAS-mitoGFP} e /T(2;3)SM6a-TM6B, Tb1 and
w; drp12; D42-Gal4 P{UAS-mitoGFP} e / T(2;3)SM6a-TM6B, Tb1.
Mutant larvae expressing MitoGFP are non-Tb or Hu. shits1/Y;
drp11/drp12 larvae were obtained by crossing shits1; drp11 / In(2LR)
Gla, Bc females with y w eyFLP/Y; drp12 / In(2LR)Gla, Bc males
and selecting non-Bc male larvae.
Molecular Biology
9.35 kb of genomic DNA containing wild-type drp1 (2L region bp:
2,573,650–2,582,999), harboring only CG3210 (annotation 3.2.1v26)
was recovered from BAC30P05 (BACPAC Resources) by gap repair
in F-2-Amp-5 P[acman] (K.J.T.V. and H.J.B., unpublished). Briefly,
we cloned a 597 bp left and a 596 bp right homology arm separated
by a BamHI site in P[acman]. The vector was linearized using
BamHI and transformed into mini-λ-Tet recombination-competent
DH10B bacteria containing BAC30P05 (Court et al., 2003; Liu et al.,
2003). Gap-repaired vectors were selected with Amp and screened
by PCR and sequencing.
Immunocytochemistry
Staining protocols are as described in Bellen and Budnik (2000):
DLG (mouse; 4F3), 1:50; DLG (rabbit), 1:500; Futsch (22C10), 1:50;
and HRP, 1:200. Secondary antibodies tagged with Cy3 (Jackson)
or Alexa 488 (Molecular Probes) were used at 1:250. All fluorescent
images, except Fura-2 (see below), were captured using a Zeiss
510 confocal microscope and processed using Amira 2.2 and Pho-
toshop 7.0.
Mitochondrial and synaptic volumes were marked using the
Amira 2.2. segmentation editor. DLG-marked synaptic and Mi-
toGFP mitochondrial volumes were determined as described (Ver-
streken et al., 2002).
Rhodamine-123 and JC-1 Labeling
Rhodamine-123 or JC-1 (Molecular Probes) labeling on salivary
glands was performed by incubating them for 10 min in 13 M
Rhodamine-123 or 10 M JC-1 in HL-3 (see below) and washing
them before imaging (Nguyen et al., 1997; Reers et al., 1991). Some
labeled controls were treated with 20 mM NaN3 for 10 min to depo-
larize mitochondria. Quantification of labeling intensity was per-
formed using Image-J.
Electrophysiology
Larval electrophysiological recordings and temperature control
were performed as described (Koh et al., 2004). Modified HL3 con-
tained 110 mM NaCl, 5 mM KCl, 10 mM NaHCO3, 5 mM HEPES, 30
mM sucrose, 5 m trehalose M, and 20 mM MgCl2 (pH, 7.2), and
CaCl2 (concentrations indicated in the figures). EJP recordings
were made from muscles 6 or 7 using 90–110 M electrodes, and
motor neurons were stimulated several times above threshold to
ensure action potential initiation.
Forward-Filling Motor Neurons with ATP
Dissected preparations with cut motor nerves were placed in modi-
fied HL3 with fresh 1 mM ATP (Sigma-Aldrich) and 0.5 mM Ca2+. A
motor nerve was drawn into a suction electrode, and the prepara-
tion was incubated for 25–30 min. The bath solution was then re-
placed by HL-3 with Ca2+ (however, leaving ATP in the bath did not
make a difference).
FM1-43
Labeling protocols described in the figure legends used FM1-43FX
(Molecular Probes). When stimulated with 60 or 90 mM K+, prepara-
tions were incubated in modified HL-3 with reduced NaCl to pre-
serve osmolarity. Three-dimensional data sets were acquired for
quantification using a 40× water immersion lens and a Zeiss 510
confocal microscope. For loading/unloading experiments, the
Neuron
376same boutons were imaged. FM1-43 labeling intensity was deter- t
amined as described (Verstreken et al., 2003).
v
Pharmacological Reagents
Antimycin (5 g/ml), oligomycin (1 g/ml), tetraphenyl-phospho- R
nium (TPP+) (5 M), 1-(5-Chloronaphthalene-1-sulfonyl)-1H-hexa- R
hydro-1,4-diazepine hydrochloride (ML-9) (30 M), 1-(5-Iodonaph- A
thalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride (ML-7) P
(15 M) (Sigma-Aldrich), and 5,6-Dichloro-1-β-D-ribofuranosyl ben-
zimidazole-3#,5#-cyclic monophosphorothioate (SP-5,6-DCl-cBIMPS R
or SP-BIMPS) (Axxora) (20 M) were used as described (Aiuchi et
al., 1985; Budd and Nicholls, 1996; Ryan, 1999; Kuromi and Kido- A
koro, 2000). E
t
Calcium Imaging
AForward-filling of Oregon Green BAPTA-1 Dextran
i(OGB, 30 kDa) or Fura-2 Dextran (10 kDa)
2Preparations were placed in a small drop (<50 l) of 1 mM OGB or
B1 mM Fura-2 Dextran, and a cut nerve (together with dye) was
Ddrawn into a suction electrode. Excess dye was immediately
ewashed away (<1 min) with fresh Schneider’s insect medium or HL6
solution (Macleod et al., 2002). The nerve, now in contact with dye B
in the suction electrode, was allowed to fill for 40 min. The suction E
electrode was then removed, and the preparation equilibrated for (
30–50 min. 10 min before recording, preparations were placed in t
HL-3 with 3 mM Ca2+ (for OGB) or 1 mM Ca2+ (for Fura-2). 7
Loading of synaptic boutons with Fluo-4 is described in the Sup- B
plemental Data accompanying Figure S8. c
Recording Ca2+ Signals s
For OGB and Fluo-4, nerves were stimulated at 10 Hz for 4 min,
B
using an A310 Accupulser and a Stimulus Isolator (WPI). We always
f
ensured that single stimulations elicited muscle twitching. Imaging
N
was performed with a 40× water immersion lens and a Zeiss 510
Bconfocal microscope. Series of 2 m thick sections (256 × 256 pix-
sels) of the synaptic volume were collected at 30 s intervals. Quanti-
fication of the Ca2+ signals was performed as for FM1-43 labeling. B
tFura-2 was excited at either 340 nm or at 380 nm, using a shutter
and filter wheel (Lambda 10-2; Sutter Instruments) and fluores- u
cence emitted between 490 nm and 550 nm was acquired with a C
Zeiss AxioCam MRm CCD camera. As Fura-2 absorbs at 340 nm s
in the Ca2+-bound state and at 380 nm in the Ca2+-free state, this l
dye allows calculation of the Ca2+ concentration. After processing c
the data with AxioVision 4.2, the intracellular Ca2+ was determined
C
as described (Macleod et al., 2002) using: [Ca2+]I = Kd (R-RMIN)/ p
(RMAX-R), where Kd = 594 nM and R = F340/F380. RMIN and RMAX N
were determined using 10 M ionomycin (Sigma) in modified HL-3
Cwith 5 mM EGTA or with 3 mM Ca2+, respectively.
n
tTransmission Electron Microscopy
6TEM was performed as described (Verstreken et al., 2003).
D
vStatistics
tAll measurements were analyzed using a Student’s t test; *, p <
J0.05; **, p < 0.01; and n.s., not significant (or p > 0.05) in all of
the figures. D
(
n
2Supplemental Data
Supplemental data include eight figures, Supplemental Experimen- F
tal Procedures for Figures S4, S8, and Figure 2, and Supplemental 1
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